The laryngeal chemoreflex was studied during quiet and REM sleep and wakefulness in premature newborn lambs. The response to reflex stimulation with a 5 sec-water infusion was evaluated during 30 sec, as % change in ventilation, heart rate and blood pressure. Apnea, hypertension and bra-rdia were more pronounced during sleep than during watieffilhess, when arousal was not associated with the stimulation. The response was similar during quiet and REM sleep. Arousal, which occurred in 24 and 31% of the tests respectively, resulted in a response comparable to that seen during wakefulness. The respiratory drive was evaluated by measurement of the mean inspiratory flow and was found to be decreased during both sleep states when compared to wakefulness. We propose that during sleep in the newborn period there is a decreased ability to respond to asphyxia possibly due to a functional immaturity of the arterial chemoreceptors. This results in a low incidence of arousal and a delayed termination of the pronounced poststimulus apnea resulting from laryngeal chemoreflex stimulation.
The laryngeal chemoreflex was studied during quiet and REM sleep and wakefulness in premature newborn lambs. The response to reflex stimulation with a 5 sec-water infusion was evaluated during 30 sec, as % change in ventilation, heart rate and blood pressure. Apnea, hypertension and bra-rdia were more pronounced during sleep than during watieffilhess, when arousal was not associated with the stimulation. The response was similar during quiet and REM sleep. Arousal, which occurred in 24 and 31% of the tests respectively, resulted in a response comparable to that seen during wakefulness. The respiratory drive was evaluated by measurement of the mean inspiratory flow and was found to be decreased during both sleep states when compared to wakefulness. We propose that during sleep in the newborn period there is a decreased ability to respond to asphyxia possibly due to a functional immaturity of the arterial chemoreceptors. This results in a low incidence of arousal and a delayed termination of the pronounced poststimulus apnea resulting from laryngeal chemoreflex stimulation.
Speculation
In the newborn lamb, quiet and REM sleep have been shown to be more vulnerable states than wakefulness to reflex apnea elicited by laryngeal chemoreflex stimulation with water, probably as a reflection of decreased respiratory drive and a failure to arouse. It is possible that reflex apnea during sleep triggered by a variety of mechanisms may play a role in the pathogenesis of Sudden Infant Death Syndrome (SIDS).
The inhibitory effect on respiration of superior laryngeal nerve stimulation was first recognized by Rosenthal in 1862 (43) . Several investigators have since studied extensively the reflex elicited by the stimulation of the laryngeal chemoreceptors (5, 6, 19, 21, 22, 25, 26, 29, 46) . Stimulation of the laryngeal chemoreflex (LCR) in the unanesthetized animal elicits a multi-organ response: apnea, swallowing, bradycardia, increase in pulmonary and systemic vascular resistances and blood flow redistribution in the dive pattern with preservation of cerebral and myocardial perfusion. The afferent pathway of the reflex lies in the superior laryngeal nerve. Previous reports in anesthetized newborn animals have shown that this reflex apnea can be lethal (13, 26, 33, 48) .
SIDS victims usually die during the night, presumably because of failure to recover from apnea during sleep. Both quiet (2, 18, 20, 44) and REM sleep (12, 17, 18, 23, 28, 48) have been implicated as being vulnerable activity states for apnea in the newborn period, especially in premature infants. A recent study in the unanesthetized adult dog has described the depressed arousal response from REM sleep occurring after LCR stimulation (47) ; however, little is known about the influence of different activity states on the LCR response in newborn animals.
This study was performed in unanesthetized premature newborn lambs in order to evaluate the effects of different activity states on the respiratory and cardiovascular response to laryngeal chemoreflex stimulation. The study lambs were delivered prematurely in order to perform the studies during an age period that more closely resembles the age period when infants frequently have recurrent apnea, and to assure availability of adequate sleep periods for study (23) .
MATERIALS AND METHODS

Instrumentation.
Five newborn Dorset lambs were delivered vaginally between 130 and 135 days of gestation, following 3 days of maternal steroid therapy (betamethasone, 12 mg daily) to induce premature parturition (23) . Normal gestation for this breed of sheep is 147 days. Birth weight ranged from 2100-3630 g (mean + S.E. = 2830 + 284). They were instrumented 1 4 days after birth under nitrous oxide and chloralose anesthesia with the following procedures: femoral artery and cephalic vein cannulation; side hole tracheostomy performed 4-5 cm below the larynx; two stainless screw electrodes implanted above the right eyebrow for electrooculogram (EOG); and two additional electrodes on the right temporal area of the skull for electroencephalogram (EEG). The wires were tunneled subcutaneously to the neck. Continuity between the lower and upper part of the trachea was reestablished through a piece of endotracheal tube (Portex, 4-6), allowing the animal, when not studied, to breathe through the upper airway. The lambs were reunited with their mothers within a few hours and 1-3 days were allowed for recovery. Antibiotics (penicillin, 50,000 U/kgxd, streptomycin, 15 mg/kgxd) were given for 1 wk after instrumentation. The studies were performed during the second wk after birth. After death, the larynx was inspected with light microscopy to assure that the epithelium was still intact.
Study design. The lambs were always studied in the same cage and they quickly became familiar with this environment. Periods of sleep were usually obtained between 11 AM and 4 PM. Rectal temperature was maintained at 39 + 0.5"C with the use of external heat or ice packs if required. Before each study, a foley catheter was introduced through the tracheostomy into the upper part of the trachea. The occluding balloon was inflated, allowing retrograde infusion of test solutions into the larynx without leakage of fluid into the lungs. The lambs were breathing spontaneously through a tight fitting endotracheal tube (Portex, 4-6) against a continuous positive airway pressure of 2-4 cm Hz0 provided by a Baby bird respirator. The respirator was used to supply CPAP to compensate for a decreased functionaI residual capacity due to endotracheal intubation and, on occasion, to administer intermittent mechanical ventilation, as needed, after prolonged poststimulus apnea.
Respiratory flow was measured through a pneumotachograph (Hewlett Packard 21070B) connected to a differential pressure transducer (Hewlett Packard model 270). Aortic blood pressure was measured with a Statham P 23 ID pressure transducer. Recordings were performed with a Hewlett-Packard 880DS cardiovascular recording system. Electronic integration of the pneumotachograh signal (Respiratory Integrator 8815A) allowed measurement of either tidal or minute volume. Heart rate was integrated from the blood pressure signal with a rate computer (2 1376A). Evaluation of respiratory drive. During each activity state the mean inspiratory flow (tidal volume/inspiratory time VT/TI) was measured and was used as an index of central respiratory drive (35) . Inspiratory volume was obtained by electronic integration of the respiratory flow signal and TI was measured from the flow signal using a 50 mm/s paper speed. Three values were obtained for each lamb's activity state on 3 separate days, each value d .
representing an averagedof 20 measured breaths.
Evaluation o f the resoonse to LCR stimulation. During a well
" established activity state recorded for at least 2 min the laryngeal chemoreflex was stimulated by a 5 sec infusion of 1 ml distilled water at body temperature through the foley catheter over the laryngeal area in a retrograde fashion.
Evaluation of the response to LCR stimulation. (a) Respiratory response.
Nineteen to thirty reflex stimulations were performed in each lamb during the second wk after birth. The effect on ventilation, recorded as the integrated respiratory volume (top tracing in Fig. I ), was measured for 30 sec after the onset of stimulation.
The response was expressed as % change from the 30 sec baseline period immediately preceding stimulation. A 30 sec time period was chosen because the apnea and hypoventilation usually lasted beyond the 5 sec stimulation time, and respiration was usually spontaneously restored within 30 sec after theonset of stimulation. The 30 sec ventilation volume (V30) was found to correlate with body weight, which ranged from 2.9-5.5 kg. This variable was therefore expressed as ml/kg.
Evaluation of the response to LCR stimulation. (b) Cardiovascular
response. lo oh pressure and heart rate were measured 10,20, and 30 sec after the onset of stimulation. The response was expressed as the % change from the baseline value.
Evaluation of the response to LCR stimulation. (c) Blood gas response.
The arterial oxygen and carbon dioxide tensions were determined 20 sec after the onset of stimulation in each activity state on two occasions in each of two lambs.
Evaluation of the response to LCR stimulation. (d) Arousal.
Arousal resulting from LCR stimulation was recognized as defmite change in behavior: eye opening and gross motor movements or standing up usually associated with a forced inspiration. During quiet sleep, arousal was associated with a change in EEG activity from high voltage, slow waves to low voltage, fast waves; however, transient changes in EEG pattern not associated with behavioral modifications were not considered as arousal. Reflex stimulation during REM sleep invariably was associated with cessation of EOG activity.
Statistical analysis.
The results are expressed as mean * S.E.
The statistical evaluation was done using the mean value for each variable in each lamb's activity state. A protected t test was used to compare one mean with another when a two way analysis of variance showed a significant F ratio in the comparison among activity states (Hewlett Packard 00041, Program 1500C). This test also permitted comparison of the response among lambs. When a VOL UMf wakefulness. EEG shows a low voltage high frequency activity, and EOG shows presence of eye movements. One ml of water was infused into the larynx during 5 sec (arrows). The response was evaluated during 30 sec after the onset of water-stimulation (paper speed 5 mm/sec). ' Analysis of variance. Only significant differences are indicated.
"easured during 30 sec immediately preceding laryngeal stimulation. "Tidal volume divided by inspiratory time. significant F ratio was obtained, the least significant difference (LSD) for the protected t value was calculated to compare one mean value with another. A P value less than 0.05 was retained as significant. The comparison of incidence of arousal from quiet and REM sleep was done for each lamb, using Fisher's exact test.
RESULTS
Baseline measurements. The results of baseline measurements of ventilation, heart rate, systolic and diastolic blood pressure, as well as mean inspiratory flow performed in each activity state is presented in Table 1 . The average value of 19-30 determinations for each lamb in each activity state were used to calculate the mean f S.E. Ventilation volume was lower during sleep than during wakefulness but there was no difference between the two sleep states. Heart rate and blood pressures were also lower during sleep.
Mean inspiratory flow during basal conditions was lower during sleep as compared to wakefulness (F = 9.90, P < 0.001) but there was no difference between quiet and REM sleep. Laryngeal chemorepex stimulation. Laryngeal chemoreflex stimulation with distilled water, as described above, resulted in apnea associated with bradycardia and systemic hypertension (Fig. 1) .
Respiratory response and arousal. The respiratory response to reflex stimulation was expressed as % change in V30 from baseline. The response during sleep, regardless of arousal, was compared to the response during wakefulness. F ratio for activity states was 7.55, P < 0.05. The respiratory response was significantly greater during either QS (73.1 f 9.5%) or REM (64.5 f 8.9%) than during W (46.8 + 6.2%) (LSD = 16.0) ( P < 0.05), but there was no difference between QS and REM. Analyses of the response among lambs showed a significant individual variation F = 6.69, P < 0.01 for 4 and 18 degrees of freedom.
Arousal associated with the stimulation occurred after 10/41 or 24% of the stimulations during QS and after 14/45 or 31% during REM (NS). There was a variable incidence among the lambs and no consistent difference was found between QS and REM. Only one lamb had a significantly different incidence of arousal during sleep (0/5 during QS versus 6/8 during REM, P < 0.02.)
Arousal from QS or REM led to a faster recovery from apnea and, hence, to a reduced respiratory response (37.5 -t 5.2%), which was not different from that observed during W (Fig. 2) . In contrast, stimulation not associated with arousal led to a pronounced response, which was not different between QS and REM but, which was significantly different from the response in either wakefulness or sleep with arousal. (F ratio = 42.8, LSD = 21.0, P < 0,001).
There was a wide variation in the individual response, as shown by the value of the F ratio comparing the response among lambs (Fig. 2) . The most profound response occurred in one lamb that failed to recover 45 sec. after the onset of stimulation and required resuscitation with mechanical ventilation in 3 of 7 studies performed during W, 5/10 during QS and 5/9 during REM. This lamb was also studied for 3 subsequent wk, and although spontaneous recovery occurred normally by the fourth wk of age during W, the need for resuscitation remained frequent following LCR stimulation during sleep (Fig. 3) . Although resuscitation was needed more often during REM sleep, there was not a significantly higher incidence than during quiet sleep.
Cardiovascular response. ( I ) Heart rate. In all aciivity states, there was a significant bradycardia for 30 sec after the onset of stimulation. There was no difference in the % change in heart rate at 10 sec among W (34.5%), QS (37.8%) and REM (42.0%); however, bradycardia was more pronounced at 20 and 30 sec for both quiet and REM sleep as compared to W ( P < 0.05). Arousal from quiet or REM sleep resulted in a faster return to baseline heart rate, identical to that observed during W (Fig. 4) . (F ratios for comparison of responses during different activity states at 20 and 30 sec were 10.14, P < 0.01 and 10.79, P < 0.01 respectively with LSD of 14.7 and 12.8.)
Cardiovascular response. (2) Bloodpressure. In all activity states, there was a significant rise in blood pressure after LCR stimulation. (Figure 5 and 6) . The systolic blood pressure response was not found to be different among W, QS, REM at 10, 20, or 30 sec although there was a trend for higher change during REM sleep at 20 and 30 sec (F ratios were 0.19, NS, 1.35, NS, and 1.78, NS, respectively) (Fig. 5) .
The same trend was found for the diastolic blood pressure response that was found to be significantly higher during REM sleep at 30 sec (F ratios were 0.73, NS, 1.35, NS, and 5.65, P < 0.05 respectively. LSD = 11.7 at 30 sec, P < 0.05) (Fig. 6 ).
Arousal was associated with a faster return to baseline value during REM sleep. Fig. 6 . Diastolic blood pressure response to laryngeal chemostimulation expressed as % change from baseline. Stimulation was performed during different activity states. Responses associated with arousal were plotted separately from those with continued sleep. Water was infused during 5 sec as indicated on the time scale. Blood pressure responses during each activity state at 10, 20, and 30 sec after onset of stimulation were compared. F ratios were 0.73 (NS), 1.35 (NS), and 5.65 ( P < 0.05), respectively. At 30 sec, LSD was 11.7 indicating a significantly greater response in REM compared to other activity states ( P < 0.05). a greater reduction in cardiac output as indicated by prolonged hypertension and bradycardia.
The marked variation in the response among lambs during sleep is partly explained by a different incidence of arousal. A great variation is, however, also observed during wakefulness, which could be explained by a different sensitivity of the laryngeal chemoreceptors and/or of the carotid bodies among the lambs. This individual susceptibility has also been reported by others (25, 26) .
The heart rate response is immediate and pronounced in unanesthetized animals. It was greater at 10 sec during sleep than during wakefulness, although this difference did not achieve statistical significance. The bradycardia measured at 20 and 30 sec is parallel the respiratory recovery. The heart rate changes appear also to be related to the cessation of breathing movements. We " have previously demonstrated that the cardiovascular response is partially secondary to the resulting apneic asphyxia with stimulation of the arterial chemoreceptors (19) , which are allowed to influence the heart and the vasculature without interaction from the pulmonary inflation reflex (I).
Systemic hypertension occurs in all activity states in response to reflex stimulation and is proportional to the duration of apnea. There is a trend for more sustained hypertension during sleep, particularly for diastolic hypertension during REM. This finding suggests that blood flow redistribution, which we (19) and others (21) previously have identified as a part of the LCR response in the awake lamb, also occurs during sleep.
Several mechanisms may explain the difference in the respiratory response to LCR stimulation among activity states.
The decreased respiratory drive during sleep, as indicated by a low mean inspiratory flow, could explain an impaired central ability to respond to asphyxia in those states.
A centrally mediated poststimulus respiratory inhibition has recently been advocated to explain the prolongation of apnea beyond the duration of the stimulus induced by superior laryngeal nerve stimulation in anesthetized newborn piglets (30) . The possible influence of behavioral states on such a mechanism is so far unknown.
The importance of activity states in the control of vagaly induced reflex apnea has been reported by Frankstein (15) . In chronically instrumented cats, apnea resulting from the stimulation of the central extremity of the severed vagus was found to be more pronounced during sleep, although quiet sleep was not differentiated from REM sleep.
A difference in the degree of apnea and arousal response during quiet and REM sleep was not seen in our group of lambs, although one lamb had a greater incidence of arousal during REM than during quiet sleep. Another lamb, which was studied for 4 wk, appeared more vulnerable during the 4th and 5th wk to prolonged apnea during REM sleep and required resuscitation more often during REM than during quiet sleep, but this difference did not achieve statistical significance (Fig. 3) .
One might have expected to see a more prolonged apnea and lower incidence of arousal in REM than in QS sleep. In REM sleep, when compared to quiet sleep, more prolonged apnea and a depressed arousal response to laryngeal stimulation (47) , hypercapnia (39) and hypoxia (40) have been reported in studies performed on adult dogs. During REM sleep there is an inhibition of brainstem respiratory neurons, (38) and sensory afferents (3). In infants, a higher frequency of apneic episodes, which also last longer, has been observed in REM sleep (12, 17, 18, 45) . This activity state is associated with inefficient ventilation due to ribcage collapse in premature infants and newborn lambs (23, 27) , reduced thoracic gas volume (23), depressed proprioceptive and chemoreceptive reflexes (23, 28, 50) and it has been implicated in the etiology of SIDS (49) .
On the other hand, an increased respiratory rate, minute volume and inspiratory pressure at one-tenth of a sec after airway occlusion have been found in REM, when compared to quiet sleep, which may represent an increased central drive in REM sleep (14) . Guilleminault et al. (20) observed the worst apneic episodes (longest duration and greatest oxygen desaturation), not during REM sleep, but always in quiet or indeterminate sleep. Central hypoventilation in infants at risk for SIDS has also been reported (44) . The possible importance of quiet sleep as a vulnerable period of central nervous regulation to the etiology of SIDS has also been stressed by Gould et al. (18) . Baker and McGinty (2) have shown that active (REM) and not quiet sleep protects kittens against hypoxic cardiorespiratory failure. There is, therefore, ample evidence to indicate that both quiet and REM sleep are vulnerable states for apnea in the newborn period, although different mechanisms may exist that turn apnea episodes on, as well as off, in the different activity states. As this study shows, the mechanisms that turn off apnea (18) are not fully developed in the prematurely delivered newborn lamb in either state.
Henderson-Smart and Read found a greater incidence of arousal in quiet than in REM sleep during airway occlusion in premature newborn lambs (23) . This form of apnea stimulus is, however, different from LCR stimulation and partially mediated through the vagal nerve. Vagal stimulation has been shown to lead to a shorter apnea without the poststimulus apnea or prolonged respiratory inhibition, which is observed following superior laryngeal nerve stimulation (30) .
Postnatal maturation appears to be an important factor in the control of laryngeal chemoreflex-induced apnea. It has been shown that the respiratory response to LCR stimulation in newborn animals such as lambs, kittens, and monkeys is markedly diminished in the adult of the same species (22, 32, 33, 48) . The observation made in one of our lambs, that failure to recover during the 2nd wk after birth disappeared by wk 4 during wakefulness, agrees with an age-related effect. The influence of age on apnea induced by the "diving reflex" has also been reported in monkeys (16) .
The role of the carotid bodies in the apneic and arousal response to laryngeal chemoreflex stimulation is, as yet, only speculative. Philipson et al. have, however, demonstrated their role in mediating the arousal response to hypoxia (7) and airway occlusion (8) during sleep. It is possible that the carotid bodies also mediate arousal during laryngeal chemostimulation. The functional maturity and integrity of this organ could, therefore, greatly influence the response to laryngeal reflex stimulation during sleep. A de-creased hypoxic ventilatory response in newborn lambs when compared to adults have been reported by Purves (41) and Belenky et al. (4) . A decreased sensitivity to cyanide was found by Reynolds and Mackie (42) . Malfunctioning carotid bodies have been implicated as an etiology for SIDS. Abnormalities of size (36) and ultrastructure (10) of carotid bodies from SIDS victims have been reported, as well as abnormal hypercarbic and hypoxic arousal responses in "near miss" SIDS children (34) .
A role for the laryngeal chemoreflex itself in the pathogenesis of SIDS has been described in infants with gastroesophageal reflux (24, 3 1). Whether or not SIDS is secondary to LCR stimulation, most deaths occur during the night when the infants presumably are sleeping. This animal study shows the susceptibility of the young lamb during sleep to prolonged reflex apnea without arousal.
Unpublished data from our institution have shown that apnea from laryngeal chemoreflex stimulation can be reproduced in premature babies. Although LCR stimulation secondary to gastroesophageal reflux has not yet been documented as a cause of apnea in premature babies, several other types of stimuli such as cold oxygen blown on the face (9), nasopharyngeal suction ( I I ) or orogastric feeding (37) , are known to induce similar reflex apnea. Such stimulation may be more likely to induce profound apnea during sleep, which is the predominant behavioral state of these infants.
